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SUMMARY

PROBLEM

Large, acrylic plastic domes for deep submergence applications have been built pri-
marily by bonding small, thermoformed structural modules. The large amount of hand
labor required by this approach makes such domes relatively expensive.

RESULTS

A casting technique utilizing a glass fiber-reinforced plastic mold system composed
of male and female molds filled with monomer/polymer casting syrup has been shown to be
capable of producing massive domes of at least 78-inch diameter and 6.375-inch thickness
with significant saving in labor over domes built by bonding small structural modules. The
dimensional deviations of massive domes cast by this technique are higher than those of
machined massive modular domes but less than those of thin domes free-formed by com-
pressed air.

RECOMMENDATIONS

The casting of massive acrylic plastic domes in glass fiber-reinforced plastic molds
should be considered as an economically attractive technique for production of massive
domes for deep submergence application.
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INTRODUCTION

Many ocean engineering systems require transparent structural components that
serve as windows. Since the size of the window directly influences the field of view that the
window provides, a premium is placed on size. However, large sizes require that windows be
quite thick.

"Thick, plane, acrylic plastic windows can be readily manufactured either by laminat-
ing many thin sheets or by casting massive blocks. In either case the technology is well devel-
oped and plane, acrylic plastic windows of almost any thickness and size can be obtained
from industrial suppliers on a fixed-price basis. Still, plane windows are not as much in de-
mand as are spherical shell windows, whose shape makes them structurally superior (refer-
ences 1-10).

Unfortunately, the technology for the fabrication of spherical shell windows is not
so advanced as is that for plane windows. Thin windows can be readily fabricated by blow-
ing with compressed air, with or without a mold, but the resulting hemispheres are of varying
thickness and must be limited in their operation to shallow depths. Thick windows have
been fabricated only (1) by laminating many thin, blown shells; (2) by hogging-out massive
castings; or (3) by assembling and bonding many small structural segments. Of these three
approaches, the laminating produces shells of varying thickness, while the hogging-out is pro-
hibitively expensive. Only the bonding of small, identical segment assemblies has produced
thick, spherical shell windows of uniform thickness at a tolerable price. It was this technique
which was used to fabricate spherical hulls for the NEMO, MAKAKAI, and JOHNSON SEA
LINK deep submergence vehicles. Bonding left a lot to be desired in terms of cost, because
it entailed an inordinate amount of hand labor. Obvicusly, another technique was needed
that would require significantly less hand labor while producing thick, spherical windows
with acceptable dimensional tolerances.

A fabrication technique which seemed promising was the casting of monolithic hemi-
spheres. It was thought that if problems of excessive shrinkage, cracking and generation of
bubbles during the polymerization process could be surmounted without excessive invest-

ment in tooling, this process would permit the production of inexpensive, spherical, acrylic
plastic windows of large size.

Realizing the potential savings if an inexpensive casting technique could be developed,Sthe Naval Undersea Center initiated studies of two casting techniques. The first would mini-
mize the cost of tooling in exchange for allowing (I) large dimensional tolerances in the
sphericity, diameter and thickness of the casting and (2) a large amount of hand labor for
polishing ot' the cast surfaces. The second would (I) minimize the amount of hand labor for
polishing and (2) keep the thickness, sphericity and radius within tight dimensional toler-
ances, but would require expensive tooling. This paper describes the first study.

4l



DISCUSSION

DESIGN OF DOME

The objective of the casting technique study was the fabrication of an acrylic plastic
hemisphere with a nominal 78-inch outer diameter, 65.25-inch inner diameter and 7-inch
cylindrical skirt. This dome was dimensioned to serve as an undersea observation chamber
for the small waterplane area hull vehicle SSP KAIMALINO. Since the observation chamber
was to be mounted only approximately 12 feet underwater, the hydrostatic pressure was
not of sufficient magnitude to control the structural design of the dome.

Instead, the thickness of the dome was chosen on tile basis of the dynamic impact
to which the hull could be subjected when accidentally striking a water-logged floating log.
The 6.375-inch thickness chosen for the dome represented a good compromise as it gave the
dome a reasonable impact resistance (roughly equivalent to that of 0.375-inch mild steel)
while at the same time keeping its weight and cost at an acceptable level.

An additional benefit of such a thick wall was that the dome could also serve as a
panoramic window for submersibles and ocean bottom habitats operating to a depth of 1 ,000
feet. In this manner, once the tooling was fabricated for casting of the dome, the output of
the tooling would not be limited to impact-iesistant transparent bows for surface ships, but
also would provide relatively inexpensive observation cupolas for submersibles and undersea
habitats.

ATTACHMENT FOR THE DOME

Besides operational parameters like hydrostatic pressure and dynamic impact, tile
method of attaching the 3,000-pound acrylic casting to the metallic hull of the SSP KAIMA-
LINO had to be considered. The pitching of the hull in rough water, depending on its am-
plitude and frequency, could subject the acrylic casting to gravitational forces in excess. of
10,000 pounds. Forces of such magnitude and the presence of seawater eliminated adhesives
from the consideration for attachments.

Several mechanical attaclunent systems were considered before settling on the chosen
design. Those that were conmdercd, but ultimately rejected, were attachments that requir,,d
either straps or retaining bars pressing against the convex surface of the dome and thus
restricting tile panoramic view from inside the dome. The design finally chos-en relied on
mechanical fastening like those rejected, but becaus. of its layout did not obstruct in ally
manner the view from inside the dome.

TIe basic features of the attachount "hosen for fabrication (figures 1 and 2)* are
thesa:

1. A metallic. UAl-ated flange resrains the Joine against vertical static and dynuamic
forces and provides the foundation to which the metallic hull of tile vehile and the split
ring of the dome attachmtent are fastoted. Vice dome fits into the flange tathet loosely

uMipsawJ wb&k 14wgiouedJoib,'
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(approximately 0.125-inch clearance bl wepn the surfaces of the dome and interior of the
flange) to dllow room for (a) thermal expansion and contraction of the dome under typical
conditions and (b) contraction of the dome tinder hydrostatic loading encountered at 12 feet.

2. A metallic split-ring restrains the dome against static and dynamic horizontal
forces. The split ring fits rather snugly against the inner surface of the flange but rather
loosely (approxini-ely 0. 125-inch clearance) against the acrylic surface. Because of this
arrangement, the split ring can be fastened quite securely with bolts to the flange while still
allowing for limited radial and axial displacement of the dome due to thermal expansion and
hydrostatic loading.

3. An elastomeric filler (silicone rubber) between the acrylic dome and the metallic
components of the attachment serves both as a seal against water and as a compliant cushion
preventing high stress concentrations at point contacts.

4. A cylindrical skirt on the (Iome mates with the metallic components of the
attachment. To fit properly with the mating metallic parts of the attachment all surfaces
of the skirt have been machined to close tolerances. This was necessary as the casting process
chosen would not produce surfaces on tiut s-.1t to the desired close tolerances.

CASTING TECHNIQUE

The casting technique chosen* required that (I) a mix of acrylic monomer resin and
polymer granules be placed inio (2) glass-fiber reinforced epoxy molds that were subse-
quently subjected to (3) elevated temperature and pressure inside an autoclave. Since acrylic
spherical castings of such magnitude had never been cast before and a very distinct possibility
existed that tile first attempt would be an expensive failure, a scale model of 24 inches out-
side diameter and 2 inches wall thickness was east first. Whetn this casting was successful it
was decided to proceed with tile full scale 78-,ach-diatneter casting.

The distinctive feature of the casting arraingement chown was tile use of a sprue
loc•ated at the apex of the dome to concentrate all gas bubbles in a part of tile casting tilat
would be subsequently cut off without decreasing the sixe of the finistlhd donte. An Ater-
native approach to rentovil of thle gas bubble$ from the cast ing would be to p!ace tLie molds
upright and to pour ithe casting mix betweent the male and fentile molds. In tlis arrangement
the bubbles would rise and concentrate in1 the base of thc cylindrical skirt. Afler polyiriza-
tion sýVveal ineltel of -the skir" t.so. conkaiiin, tileh bubbles would be Il"Chille4 off, lekavu
behiild a bubble-free Cavsing.

1whe baWi rmasn for not chwooing tIte alternative ka4ing ar' genie-nt was the 77-inch
length of the skirt treuired to attach the finithet domne to tile vehicle bull. Ie NbmNbles wete
to he concentrited ill the ase of the skirt, all additional 3 to.$ i6chs of skirt length woul-
htv• to lie added to t(ie rough castivng. Tie rvswting, 10- to 1 '4twchicylindrical skirt pr•obably
would !a1c tilte re! oail of the male told very difficult a, the ctit mi, shrinks tiiliei-
"ruately 8 to 10 pairltt upon tivyla¢tiont md wold nitt tthe Ow tindric4l ,- 'io of the

ollo quite eCeulily.
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MACHINING OF DOME

Tie succefully cast dome (figures 3 and 4) contained gas bubbles only in the upper
5 inches of the sprue; the dome casting proper was virtually bubble-free. Tile first operation
was to machine the sprue flA.t so that it would serve subsequently as the base for tile dome
during machining of the skirt surfaces (figure 5) in a vertical mill. Next, the sprue was corn-
pletely removed and the exterior surface was sanded (figure 6). Material test samples were
also cut from the sorie and used to test the mechanical properties of tile casting (figure 7,
table I). Finally, !he intemiwr surface of the dome was sanded and all surfaces were poliblhed
(figure 8). The completea dome was then carefully inspected (figure 9) and its dimnensions
recorded.

FABRICATION OF ATTACiHMENT

The U-shaped ILinge was fabricated by rolling and welding strips of mild steel. Tile
rough U-channel structure was macl ined to final shape on the same vertical mill (figure 10)
that was used for machining of the cast dome. Bolt holes for fastening of the flange to the
hull and for attachment of the split ring to the flange were drilled with a portable drial held
in a magnetic clamp fixture.

The split ring was fabricated by rolling, weiding and rough grinding of mild S.eel
strip. The ring (figure I1 was cut with a hacksaw in one place just prior to ioating of tile
attachment components to tile dome.

MATING OF ATTACILMENT TO THE DOME

The first step in mating of tihe attachment to tile dome consisted of plugging the*k

holes in the Ushaped flange so thiat the- liquid etastomn-r would 1ot leak out prior to its
polyme.rization (figure 12t. The holt'l in the bask were covercd with 0.2-i4n1d-thick new:
prene patches that not only covered the bolt holes but alwo wrvd a glacers between the
domle zwd the bol tom of the U.shapet! fh-f nge, Without the prlesce- of the neoprite space-r
the heavy dome would displ.cv tile hquid ctlto"Ver compktply mid the hasw of the *ifrt
W-ouki bottom ninst the steel srufftce.

-The s-cout; Sp in the Inating pro "-- Ut Was to Qoanpfims amul insert the Spii ri
int h - the casting skirt ifng11 10"), NAI tht rtom w13)- Nady fot twa-

.- ~W With tihe US - -a fu % -•,
1"1to thad Stcp wu; fi. lip of the* UM•|ii-W Mtqnc with the liýtovtt .•*-nipo~uftd

tfoCornbomw Two,4'1at Room Tcntjvtnum- Polyfuctit 3110RTV compaui) Au imaw
di•-ety ke 'u ng the dom• into the flangv until the kwr bottomod on Whcoe M

WW hd 'suvpluý 0twomoer woas ýýqwj- out (iutigmr 14).
The fourth and fioul m.ep of the mitiv, 4•e•ut e gfir the dtwc ,,lidilie was

to dr4w tip i he Vplit firng apgtts the -Io ite4 flaw-g W1th I 1e0p of .-tai-ly 060i1t.0 boltt,
kcmyn-al of thle ekt-md' ewltowr AW Oveialoe litic e'* damp ,slet4j t1W awtiq
of the 414 ehlasert to the 44Wte.
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OBSERvATINS

sgiiathe frmechanisa pofarlics If thle aCTRyli plastic castingi, dmesribeU inti aidesigniicanly fom thse o acr lcseets and plates (Plexiglas G, Acrylite, Swe-kdlowcast -olely from monomer resin (table I ). A general statement can bie niadv that 11w, .astacrylic in the (ionie has lower tensile, flexural and com~pressive strenigthl; lowur r-> jas otelasticity: and higher creep thian typical cast acrylic sheets-and plates. This is t ical ofacrylic plastic votedn byplmrztinO ixiure containting lysic trt1resin and polymery granullei. lihe lower mnechanfical properties of tscltca.ýi. ".s must Lbe takeninto account in the calculation of allowable -.orkinkg strcseýs for stracttres abricated frmmthem. This is particularly true. wheun the design of cuss sphe-tical domes- or sectors is basedVIOnl empirical data generated previously by the destructive te-sting of sc:ale models of sphe-ricalwindows inachiined from thick Plexiglas Plate&! tint have higher imechanical properties thantilt full scale cast Ipe~ domne.
Diinxensons of flhe rough dome casting deviated noticeably from specified nominaldilmensions (Cigu:c: q). 'The deviations were not serious enoLugh to hamper thle dome), utseý

tional depth as a potential panoramic windo$ ý' Ifmersibles. The mlost sev-iotas deviation
from 3pecil'h'd nomniwl dimensions occurred near rthe aplex, where there wais ý visual-ly nottctxable thinning out of the dome shell around the circumoference of thle spitec base. 'This wascatused by the differenice in shrinkage between thle b.3 l5-i-nch' hck domle and the 20-inch-
diameter sprue during thle polymerization procce.s. It' thet outer surface of #L-: ttomnle hud beer

%-lly tieticns at he 'zx~fkldoul would imtt derawdfonte4 iit .7

trhQ mnlot 1Wvil w inch w-cc OWtwiv rt'pvoni c zinvt tluw-IRW.ittirv-ther 4Wt I thi' Pour mix itritg 4trhc manid'Ts.-ý crnpkxl t
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FINDINGS

1. Molds made of plastic reinforced with glass fibers present an economical approach
to tooling for the production of large, spherical shell acrylic castings providing that the per-
missible tolerafces on thickness, diameter and sphericity are at least ±0.250 inches. To
ac&eve tighter dimensional tolerances than ±0.250 inches the dome casting must be made
slightly oversize and subsequently machined down to the desired size.

2. The quality and mechanical properties of the acrylic plastic dome cast in glass-
reinforced plastic molds ly Cadillac Plastic is acceptable for hydrospace applications prcvid-
ing that the lower mechanical properties of the casting as compared to properties of com-
mercially available cast acrylic plate are taken into account.

3. The design developed for the attachment of a hemispherical acrylic plastic dome
to the metallic hull of a ship has been found to be economical to fabricate and easy to
assemble with the dome.

CONCLUSIONS

It is feasible to cast very large acrylic plastic domes that do not require any subse-
quent machining on the viewing surfaces at a reasonable investment in tooling and hand
labor for polishing providing that one can accept deviations from nominal dimensions which
exceed those customarily associated with machined domes but are significantly less than
those associated with vacuum- or pressure-formed domes from flat acrylic sheets.

RECOMMENDATIONS

It is recommended that the casting technique described in this report be utilized for
those hydrospace applications where (1) only one or two very large, thick acrylic plastic
tdomes of the same size are required and (2) the hydrostatic loading of the dome will be of
such magnitude that the dimensional tolerances of ±0.250 inch on the thickness, diameter
and sphericity can be readily accepted. If the casting technique is used for the applications
enumerated above it will provide the hydrospace engineer with very large domes at a rock
bottom i, Ace.
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FLANGE ASSEMBLY SECTION 100- CAST IN PLACER

SILICONE RBE

78.,25 OIA 75.0 "IA
77.875 5/8-11NC-72ROD DETAIL A

.ZUZ~OIA V1/2-13NC-1 INCH LONG77*31/5 DIA E ,[3 QUIRED o u

-5.875

66.250 DIA
65.000

. ao"
*1

1/2 R 121N

2 67.000 DIA
NOTE: AFTER MACHINING CUT 66060 DIA I

THE RING IN ONE PLACE 66.000

MATERIAL: SOFT CARBON STEEL

Figure 2. Attachment for fastening the acrylic plastic dome to vehicle hull.

4

)8

/



Il

Noteý% thtitre tteae o h oe

5, .

I P, 9

Figure~~ 3. Rog s goftedm-ftrrmvlfrmtemls



30 in.

[.,--- - 20 in.-----

MAXIMUM DEPTH
OF THE DRAW 23 in.

IS APPROX. 0.500 in.

2 -in,

MAXIMUM DEPTH OF THE
CRATER IS APPROX. 0.750 in.

12 In.

64.992 In.
77.743 In.

Figure 4. Dimensions of the dome casting prior to machining.
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STRAIN IN ACRYLIC CASTING
UNDER SHORT TERM UNIAXIAL
COMPRESSIVE LOADING

4 12
E - 420.000 ,',.

YIELD - 12,900 PSI

I.
0

z

2

0

SW TEST CONDITION: ASTM D 696
-- OAIN RA"•: 020INHE/INH ERMINTEJ •MATERIAL: ACRYLIC PLASTTIC DOME SUP-

4 •wPLIED BY CADILLAC PLASTICS

/ - , 4,

Z,
Figutre 7. The stressstlmin rebtionzip ofa materl test specmea under unlaxial comaip vc oaduin;
the test sWedmen was cut from the spue a0aent to the dmono.
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Table 1. Mechanical Properties of Material.

A. Acrylic Plastic Casting.

aCast acrylic plastic bMassive hemisphere
Type of test sheets and plates casting

Compressive yield 15,000 psi 12,900 psi

Compressive modulus 420,000 psi 415,000 psi

ASTM-D-695

Tensile strength 9,000 psi 8,100 psi
Tensile modulus 400,000 psi 410,000 psi

Tensile elongation 2 percent 4.8 percent

ASTM-D-638

Flexural strength 14,000 psi not available

Flexural modulus 420,000 psi not available

ASTM-D-790

Shear strengths 8,000 psi not available

"ASTM-D-732

Deformation under 1 percent 0.96 percent
load (4000 psi at maximum
122°F for 24 hours)

ASTM-D-621

NOTES:

aMhiimum properties specified for acrylic plastic viewports fabricated from sheets
or plates - MIL-C-24449.

bActual values obtained by testing of coupons cut from the massive hemisphere casting.
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Table 1. (Continued)

B. Silicone elastomeric compoundc
(Dow Corning 3110 RTV)

Color 2  White

Deep section cure, 1-in. depth in metal can Yes

"Recommended Primer 1201

ASTM D 445. Viscosity at 25°C (77 0 F), poises 125

ASTM D 792. Specific gravity at 25'C (77*F) 1.17

MIL-S-23586. Corrosion resistance Good/Pass

ASTM D 412. Tensile strength, psi 350

ASTM D 412. Elongation, percent 200

ASTM D 676. Durometer hardness, Shore A 45

"Linear shrinkage, percent, 3 days at 25*C (77°F) 0.4

Radiation resistance, cobalt 60 source, 25'C (77°F),
megarads 100

ASTM D 570. Water absorption, percent, 7 days at 25 0C (77°F) 0.4

Temperature range, degrees - 65 to 2000 C
(-85 to 392-F)

Thermal conductivity, Cenco-Fitch, 25-100°C
(77-212 0 F, gm cal/cm 2 -sec-(0C/cm) 5.0 X 10-

MIL-l-16923C. Thermal shock, 10 cycles Pass

* Weight loss 96 hrs/200°C (392°F), percent 6

Volume expansion 25-150°C (77-3020 F) cc/cc/°C 7.5 X 10-

Specific heat, cal/gm/0 C 0.35

ASTM D 746. Brittle point, degrees - 100I C (- 1430 F)

Fire resistance Self-extinguishing
0CTypical values supplied by Dow-Corning for 3110 RTV.

22
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* APPENDIX: DESIGN HINTS

For those engineers interested in utilizing the casting technique for acrylic plastic
domes or the design developed for the attachment of these domes to vehicle hulls, some
brief discussion of their limitations is in order.

CAST MATERIAL

Because the mechanical properties of cast massive acrylic plastic domes differ sig-
nificantly from those of domes formed and subsequently machined from thick, commer-
cially available plastic plates (for example, Plexiglas G, Acrylite or Swedlow 310), lower
stress levels must be utilized in their operation. Appropriate stress levels can be determined
using the ratio of the mechanical properties of the dome casting to those of flat plates. For
example, the ratio of the compressive strength of the dome casting to that of flat plate is
approximately 6/7 or 0.85. Therefore, the maximum working stresses in cast domes should
relate to the working stresses in domes fabricated from plates by roughly the same factor.

Since the maximum compressive working stress allowed at the present time for
spherical Plexiglas manned capsules with a minimum proven 1,000 cycles and 106 hours
static fatigue life is only 4,000 psi,* the maximum allowable compressive working stress in
a cast dome having the mechanical properties shown in table I should not exceed 3,400 psi
(arrived at by multiplying 4,000 psi by 0.85). The maximum allowable tensile working
stress in a cast dome should, by the same token, not exceed 1,800 psi (arrived at by multi-
plying the accepted 2,000-psi value for thick plates by a factor of 0.9, the ratio of the ten-
sile strength of a cast dome to that of typical flat plate).

In those cases where the casting does not form a dome but has the shape of a spher-
ical sector and the design is based on empirical short-term implosion data of scale model
sectors machined from Plexiglas G plates, a different approach must be used. Since the oper-
ational depth of spherical sector windows is generally only a known fraction of their short-
term implosion pressure, the only modification to their design procedure is to multiply the
maximum operational pressure allowed for spherical sector Plexiglas G windows by the same
factor that was used in the previous paragraph to reduce allowable maximum compressive
working stresses .in domes.

ATTACHMENT

21 The attdchment (figure 2) for affixing the dome to the vehicle hull has been specifi-
cally designed for shallow depths of 100 feet or less. A similar attachment could be used for
depths to 1,000 feet, but the clearance between the U-shaped flange and the skirt would
have to be increased to allow for greater radial contraction under the larger hydrostatic
pressure.

#Based on rihe results of the NEMO hull testhg program at the Naoal Civil Engineering Laboratory, reported In
references 11 through 15.
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For depths beyond 1,000 feet the cylindrical skirt and the attachment developed for
it (figure 2) would have to be eliminated altogether, as the bending stresses at the intersec-
tion of the hemisphere and the cylindrical skirt become quite high. By 6limiriating the cylin-
drical skirt on the casting its operational depth can be readily increased from 1,000 feet Lo
about 2,500 feet. For mating the hemisphere to the hull of an underseas vehicle a different
"attachment would have to be devised.

A typical attachment for a hemispherical dome is shown in figure A. 1. Its character-
istics are (1) lack of restraint to the radial contraction of the sphere under hydrostatic pres-
sure; (2) lack of an O-ring groove under the acrylic bearing surface; (3) presence of a smooth,
metallic bearing surface on which the acrylic bearing surface can slide; and (4) an externally
located rubber sealing gasket.
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